Lithium sulfide, Li2S, is a promising cathode material for lithium-sulfur batteries (LSBs), with a high theoretical capacity of 1166 mA h g -1 . However, it suffers from low cyclic stability, low-rate capability and high initial activation potential. In addition, commercially available Li2S is of high cost and of large sizes, over ten microns, which further exacerbates its shortcomings as sulfur cathodes. Exploring new approaches to fabricate small-sized Li2S of low cost and to achieve Li2S cathodes 
Introduction
Rechargeable batteries possess great potential in the field of new energy applications. [1] [2] [3] [4] [5] Lithium sulfur battery (LSB) is one of the promising batteries due to its high theoretical energy density (1675 mA h g -1 ), environment friendliness and low cost. 2, [6] [7] [8] However, elemental S-based electrodes suffer from multiple limitations, including the low electrical conductivity of sulfur, the dissolution of the lithiation intermediates of polysulfides (Li2Sn, 4 ≤ n ≤ 8) in electrolyte, the (slow ?
3 complex? …need a "modifying word" before "shuttling) "shuttling" (maybe I'm not fully clear about this "shuttling" issue; shuttle is between the polysulfides at the cathode and the lithium sulfides (Li2S2/Li2S) at the anode during cycling, and the large volume expansion of sulfur during its lithiation to Li2S (ca. 79 vol%), all of which result in poor cycling stability and low rate capability; 1,9,10 the low melting point of S (115 °C), which limits its operation temperature; the necessity of using metallic lithium as anode, which causes safety concerns when dendritic lithium forms and penetrates through the separator during cycling.
Considerable effort has been devoted to solve these problems, such as encapsulation of sulfur in electrical conductive porous carbonaceous materials, 2, 11, 12 confinement of sulfur in high electron conductive frameworks, 4, 13, 14 or incorporation of a conductive polar metal oxides@carbon double layer coating on the surface of sulfur particles, 15 etc., which not only increases the electrical conductivity but also considerably alleviates the dissolution of polysulfides in electrolyte. In addition, optimizing electrolyte composition, such as adding LiNO3 16, 17 and P2S5 18 as additives;
constructing new structured membrane or separator, 9, 19 are also approaches with varied levels of effectiveness.
Compared with sulfur cathode, Li2S offers several significant advantages as a cathode material for LSBs: it possesses a relatively high theoretical capacity of 1166 mA h g -1 ; it can be paired with lithium-free anodes such as silicon and tin, readily alleviating the safety issues, 20 which also results in high specific energy density; 21 the melting point of Li2S is high (938 °C), which can be operated at high temperatures; 22 Li2S transfers to sulfur with a relatively low volume shrink, considerably alleviating the volume change problem; Li2S allows batteries to be assembled in the "discharged"
state, a safer and more cost-effective process. 23 Nevertheless, similar as sulfur, Li2S also suffers from low electronic and ionic conductivities, and the reaction intermediate polysulfides still suffer from the dissolution and "shuttling" problems. In addition, an extra shortcoming for Li2S cathode is its high initial activation potential, especially for micron-sized Li2S, [24] [25] [26] [27] which causes an initial capacity utilization penalty.
Many approaches applicable for the improvement of the electrochemical performance of elemental sulfur-based cathodes are also applicable for Li2S cathodes.
Widely used is the incorporation of Li2S with conductive carbonaceous materials 10, [28] [29] [30] to increase the conductivity of the electrodes, and also to sequester the direct contact of Li2S with electrolyte, hence alleviating the dissolution of polysulfides. In addition, designation of new current collector 31 and modification of electrolyte composition 32 are also effective as in the S-based cathode systems.
Nevertheless, commercially available Li2S is commonly large in size, over ten microns, which creates a high activation barrier and slow kinetic properties. Reducing the particle size of Li2S to nano-scale is essential to achieve high electrochemical performance, including obtaining an extremely low initial activation barrier of Li2S. 10, [33] [34] [35] The cyclic stress is also low for nano-sized Li2S, favoring the integrity of the electrode, 37, 38 thus also improves the cyclic stability and rate capability. However, as the high melting point of Li2S, it becomes hard to allow the infiltration of Li2S into 5 porous carbons as does sulfur in the sulfur-based cathode materials, forming carbon wrapped Li2S/C hybrids with small confined Li2S particles. Therefore, the method and the carbon host to fabricate nano-Li2S/C composites are far from well developed.
Mechanical milling of commercial micron-sized Li2S with electrical conductive carbon, such as carbon black, is a simple method of reducing the particle size of Li2S and simultaneously incorporate conductive carbon. [38] [39] [40] However, the simply ball milled Li2S/C mixtures still show relatively low cyclic stability. Further carbon coating by pyrolysis of pyrrole, 38, 40 or further assisted with PVP (ployvinylpyrrolidone) 40 is necessary to achieve enhanced electrochemical properties.
However, the obtained Li2S/C products still not achieve favorable electrochemical properties as the size is insufficiently small for both Li2S particles and Li2S/C hybrid.
Solution-based method is more widely used in fabricating nano-sized Li2S recently, which is commonly combined with carbonaceous hosts simultaneously also, such as graphene/reduced graphene oxide (rGO), 26, 33, 36, 37 carbon black 30 or carbonized polymer, 41 where commercial Li2S is dissolved in an anhydrous solvent. The mainly used solvent is ethanol, 21, 22, 26, 30, 42 in addition, tetrahydrofuran (THF) is also used.
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The Li2S dissolved solutions were dropped on those carbonaceous hosts 36, 37 or mixed with those carbonaceous materials. 26, 33, 41 After the solution was evaporated, Li2S is re-precipitated, forming nano-sized particles throughout the carbonaceous hosts. A CVD carbon coating may be further prepared to achieve a high electrochemical performance of the nano-Li2S/C systems. 26, 36, 41 Another widely reported method of synthesizing nano-sized Li2S is to chemically react sulfur with Li(CH2CH3)3BH in 6 THF, 10, 22, 29, 34 combining with in-situ loading of graphene 34 or graphene oxide (GO) 22 in THF, or a further surface carbon coating by CVD 10, 22 
Experimental section

Syntheses of Li2S and Li2S@C hybrids
Li2S was synthesized via a mechanochemical reaction of LiH and S by 
Material characterizations
Crystal structure of the samples was identified by X-ray diffraction (XRD, X'Pert PRO, PANalytical) using Cu-Ka radiation (λ=1.5418 Å) with a scanning step of 0.04 
Electrochemical Tests
Electrochemical properties of the Li2S/C hybrid were measured by using coin cells of The XRD pattern of the milled product of LiH and S is shown in Fig. 1 . It is seen that Li2S is the only detected phase, which demonstrates a full mechanochemical reaction of LiH and S, forming highly pure Li2S. Mass spectrum of the gas in the milling jar (Fig. S1 , supporting information) shows that there is only H2 detected. The 11 reaction during milling is proposed as:
The SEM image of the as-synthesized Li2S is shown in Fig. S2 . The particle size is less than 1 µm. It is proposed that the present method is facile, effective and scalable in producing highly pure submicron-sized Li2S.
XRD analysis of the as-milled Li2S-PAN mixtures with different weight ratios shows that Li2S is the only detected phase in the milled mixtures, however, the peak width becomes broad compared with that of the as-synthesized Li2S, indicating a lowered crystallinity of Li2S after the milling. The patterns of the mixtures are similar.
The representative one, which is from the 2Li2S/PAN mixture, is shown in Fig. 1 . For comparison, the XRD pattern of raw PAN is also shown. It is found that the broad peak at 2θ of ca. 17° in the pattern of the raw PAN does not appear in the as-milled mixtures. The original structure of PAN was mostly destroyed during milling. Further XRD analysis of the carbonized products shows that there is also only Li2S detected.
However, the diffraction peaks of Li2S become sharp, indicating an enhanced crystallinity of Li2S during the carbonization process. The representative pattern of the carbonized products, which is from the 2Li2S/PAN system, is also shown in Fig. 1 .
It is noted that the carbonization temperature of 1000 °C is higher than the melting point of Li2S (938 °C), therefore, Li2S melts and re-solidified in the carbonization process. This is likely the main reason for the increasing crystallinity of Li2S after the carbonization. Further by elemental analysis, the carbon contents of the products derived from the 3Li2S/PAN, 2Li2S/PAN and Li2S/PAN mixtures are 19 wt%, 26 wt% and 41 wt%, respectively, the products of which are denoted as Li2S/19wt%C, Li2S/26wt%C and Li2S/41wt%C hybrids. Due to the amorphous feature of the PAN derived carbon, it cannot be detected by XRD. respectively. It is inferred that the combination of Li2S and PAN induces the mesoporous structure of the hybrids during the carbonization. Fig. 4(b) shows the respectively, which are extremely low, indicating an almost dense structure. The variation tendency of the pore size distribution, the pore volume and the surface areas of the hybrids are in good agreement. It is reported that PAN starts to melt at 317 °C and its carbonization is completed at 900 °C. 44 The melting point of Li2S is 913 °C. It is likely that PAN melts and covers Li2S particles before Li2S melts. The pyrolysis of PAN can be divided into two main steps. The first step is at 150 -500 °C and the second step is at 500 -700 °C. 44 The first step consists of a cyclisation of the nitrile groups (C-N) and a cross-linking of the chain molecules; the second step consists a condensation reactions of the heterocyclic rings. These gases are supposed to induce mesopores in the carbon matrix with the existence of Li2S, especially the molten Li2S, though the actual mechanism is not clear yet.
Electrochemical properties cycles at a scan rate of 0.1 mV s -1 . In the initial sweep, the hybrids all show one main anodic peak and two main cathodic peaks. In addition, there is one minor anodic peak and two minor cathodic peaks with extremely weak peak intensity. The main anodic peak is attributed to the oxidation of Li2S to sulfur. The Li2S/26wt%C and Li2S/41wt%C hybrids show close anodic peak at 2.56 V and 2.57 V, respectively, but the former shows much shaper peak feature than the latter, indicating a better delithiation kinetics. While the Li2S/19wt%C hybrid shows a higher anodic peak potential of 2.73 V, indicating a lower delithiation kinetics compared with the other two. The carbon content of 19 wt% is insufficient. The minor anodic peak at the high potential is found in other Li2S/C systems also, 10,27,37 which is proposed from undesired parasitic reactions, 27 such as the delithiation of the largely agglomerated Li2S particles. 10 In other studies, such weak anodic peak at the high potential is supposed due to the degradation of electrolyte 45 or the poor contact of Li2S and carbon. 21 This peak is irreversible as it disappears in the following cycles as shown in Li2S2 and/or further to Li2S. The latter shows much high intensity than the former, indicating that more capacities are generated from this reaction. The two main cathodic peaks show close peak potential for the three hybrids, indicating that the lithiation ability of sulfur to polysulfides and then to Li2S2/Li2S are not evidently different for the hybrids in the first sweep. As it is proposed that there was irreversible reduction of LiNO3 occurring at potentials lower than 1.7 V (vs. Li/Li + ), 46 the two minor cathodic peaks in the initial sweep here is likely also due to the irreversible reduction of LiNO3. In addition, the main cathodic peak potentials of the Li2S/26wt%C and Li2S/41wt%C hybrids are almost stable upon cycling, indicating a lower lithiation polarization. Whereas the Li2S/19wt%C hybrid shows decreased peak potential from the first sweep to the second one, indicating an increasing lithiation polarization. Moreover, the main anodic peaks of all the hybrids move to lower potentials due to the activation during the first charge process, where the Li2S/26wt%C hybrid reaches the lowest value of 2.41 V, and the Li2S/19wt%C and Li2S/41wt%C hybrids shift to 2.64 and 2.45 V, respectively. However, the potential difference between the first and the second sweep of less than 0.15 V is almost negligible compared with the commercial Li2S cathode, 21 and are also much smaller than other nano-Li2S/C cathode systems 39, 47 and the P2S5-activiated Li2S system. 24 After the second sweep, both anodic and cathodic peak positions of all the hybrids keep almost stable, demonstrating a stable and small redox polarization. Cell polarization is supposed mainly due to the dissolution of polysulfides into the electrolyte and the deposition of Li2S on the electrode in Li/S batteries. 48 The low redox polarization of the present hybrids is mainly attributed to the almost fully wrapping of nano-Li2S particles by carbon, which alleviates the dissolution of polysulfides into the electrolyte and thence the less deposition of Li2S on the electrode.
In addition, there is a new weak anodic shoulder peak centering at 2.71 V and 2.73 V from the second cycle for the hybrids with carbon contents of 26 wt% and 41 wt%, respectively, which is proposed due to the conversion of polysulfides to element sulfur in the case that the product of the prominent oxidation of Li2S is high-order polysulfides. 42, 49 The further oxidation is supposed due to the high electron conductivity and low polarization. One single anodic peak is also found in other Li2S/C system, 40 which is attributed to the oxidation of Li2S to long-chain polysulfides. For the Li2S/19wt%C hybrid, there is a shoulder peak at the comparatively lower potential partially overlapped with the dominated anodic peak at the comparatively higher potential after the initial sweep, but without the weak shoulder peak at the right side of the dominated anodic peak as in the other two hybrids. This is probably attributed to a two-step oxidation of Li2S to different orders of polysulfides, and the further oxidation of polysulfides to sulfur is restrained. As an overall, the anodic peaks of the Li2S/19wt%C hybrid for the different cycles are all much broader and the peak position located at much higher potentials than those of the other two, indicating a much lower oxidation kinetics and a higher polarization, which is due to it less high electronic conductivity as there are Li2S particles exposing out the carbon matrix, without the intimate contact to the carbon matrix, and the large The result is also in good agreement with that obtained from the CV analysis. Though the as-synthesized bare Li2S has a higher overpotential and a higher charge plateau than the Li2S/C hybrids, the value is still much lower than the ca. 3.5 V of the commercial micro-sized Li2S, 21 solution synthesized pure nano-Li2S and Li2S/graphene composite, 26 ball-milled commercial Li2S 27 and ball-milled commercial
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Li2S with multi-wall carbon nano-tubes (MWCNTs). 50 The originally better activation ability and the delithiation ability of the as-synthesized Li2S than those aforementioned Li2S is likely due to its originally small particle size. Moreover, Li2S
is highly sensitive to moisture and oxygen, which is easily to form a stable LiOH surface layer coupled with an unstable S-H native layer during operation. The formation of LiOH on the surface of the Li2S particles hinders the diffusion of lithium ions during electrochemical reaction. Annealing treatment at temperature higher than 650 °C, higher than the melting point of 462 °C of LiOH, is supposed to be able to remove the LiOH layer. 51 It is probably that the carbonization process of PAN at 1000 °C purifies the surface of Li2S, and hence results in extra action in the reductions of the overpotential and the potential of the charge plateau of the Li2S/C hybrids.
Moreover, the Li2S/26wt%C hybrid shows the largest activation capacity of 1183 mA h g -1 among the three hybrids, slightly higher than the theoretical capacity of Li2S, which is supposed due to some side reactions at the high potential range. The The comparison of the capacity and capacity retention of the present Li2S/26wt%C hybrid (derived from the 2Li2S/PAN mixture) with some recently reported representative Li2S/C systems is shown in Table 1 . Comparing the capacity of the Li2S/C systems at the 0.1C after the comparable cycle numbers, the present one shows higher retained capacity than the nano-Li2S/C systems prepared by chemical reaction in THF, 29 solution based re-precipitated 3D-rGO-Li2S system further carbon coated by the pyrolysis of PVP. 53 Though the present retained capacity after the 26 comparable cycles is inferior to the those Li2S/C systems, 28, 34, 37, 40 however, the Li2S content and the Li2S loading on the electrode of the present system is much higher than those systems, which commonly results in lower apparent specific capacity and cyclic stability. Moreover, it is no doubt that low Li2S content of the Li2S/C system will reduces the volumetric specific capacity, which is undesired for practical application. As different charge and discharge rates are used in some other studies, 30 ,36,52 the capacities and capacity retention cannot be usefully compared.
However, the high rate capability of the present Li2S/26wt%C hybrid is superior to the electrospinning fabricated nano-Li2S/CNFs 52 and solution re-precipitation prepared Li2S/C further carbon coated by CVD, 30 but is inferior to the solution reaction prepared Li2S/GO 22 and solution re-precipitation prepared Li2S/graphene 36 further carbon coated by CVD. However, as the Li2S contents and the Li2S loading on the electrode are also much lower for the two system 22,36 compared with those of the present system, it is supposed that there should not be so large rate capability different between the present system and the reported systems as from the apparent data.
Considering the present fabrication method for the Li2S/C hybrid is facile and low cost, it is hopeful helpful in the further development of Li2S/C cathode materials for high performance LSBs. Note: * the initial capacity is tested at 0.025 C is 800 mA h g -1 , and the first capacity at 0.5 is ca. 630 mA h g -1 .
Conclusions
An effective mechanochemical method of synthesizing submicron-sized Li2S of Whereas either higher or lower carbon contents of 19 wt% or 41 wt% all reduced the electrochemical properties due to the larger particle size of the hybrids and the insufficient electronic conductivity for the former and the low lithium ion diffusion ability for the latter. The present work is hopefully helpful in developing facile route in fabrication of small size Li2S and in the development of high performance Li2S-based cathodes.
